Insulin-like growth factor-I (IGF-I) is considered to be the mediator of the growth-promoting effects of growth hormone (GH). The metabolic effects of these two hormones, however, are different. Whereas GH treatment leads to elevated insulin and glucose levels, reduced insulin sensitivity, and impaired glucose tolerance, IGF-I treatment leads to reduced insulin and GH levels and enhanced insulin sensitivity. IGF-I may, therefore, not only be the mediator of the growth-promoting effects of GH but also a modulator of the effects of GH on insulin action and glucose metabolism. To study the influence of GH and IGF-I on substrate metabolism and insulin sensitivity (assessed by euglycemic, hyperinsulinemic clamping combined with indirect calorimetry and glucose tracer infusion), we have treated eight GHdeficient adults with GH (2 IU/m2 daily subcutaneously [s.c.]), IGF-I (10 micrograms/kg.h s.c.), or both hormones together for 7 d, respectively, and compared the effects of these treatment regimens with a control phase. Our findings suggest that (a) both GH and IGF-I promote lipolysis and lipid oxidation, albeit by different mechanisms; (b) treatment with either hormone is followed by enhanced energy expenditure and reduced protein oxidation; and (c) IGF-I reverses the insulin resistance induced by GH.
Introduction
Growth hormone (GH)' and insulin-like growth factor I (IGF-I) are anabolic and growth-promoting hormones. IGF-I, which is synthesized mainly in hepatocytes under GH stimulation (1) , is considered to be the mediator of many of the effects of GH (2). IGF-I stimulates growth in situations where GH is lacking (3, 4) and in GH insensitivity (Laron- type) dwarfism (5) .
Treatment with IGF-I in normal adults is accompanied by elevated energy expenditure and lipid oxidation and reduced protein oxidation (6) . These changes are similar to those seen during GH treatment (7) . Thus, IGF-I could be considered to be the mediator of both the growth-promoting and the metabolic effects of GH. However, some differences between GH and IGF-I with respect to metabolic and endocrine effects are apparent. GH treatment leads to elevated insulin and glucose levels and relative insulin resistance (7) (8) (9) (10) . In contrast, IGF-I administration reduces growth hormone, insulin, and glucose levels ( 1) and enhances insulin sensitivity in humans (6) . Enhanced insulin sensitivity may arise either by direct action of IGF-I or as a result of partial inhibition of GH secretion by way of feedback control (6, 11, 12) . Thus, it remains unclear whether IGF-I would also enhance insulin sensitivity when GH levels remain unchanged. Furthermore, IGF-I directly inhibits insulin secretion from the pancreatic /-cells ( 13 ) . The question, therefore, may be asked whether induction of insulin resistance by GH and simultaneous reduction of insulin levels by IGF-I may have synergistic metabolic effects when both hormones act together.
To address these questions, IGF-I and GH were administered separately as well as in combination to eight GH-deficient adults. The effects of these regimens on insulin sensitivity, energy expenditure, and total body fuel metabolism were examined and were compared with a control phase without hormone treatment.
The data show that the effects of IGF-I and GH are synergistic with respect to the stimulation of energy expenditure, lipid oxidation, and the inhibition of protein oxidation, whereas they balance each other with respect to basal and stimulated insulin secretion and glucose metabolism.
Methods
Subjects and experimental protocol. Eight GH-deficient subjects (age range: 21-62, body mass index: 24.5+3.5 kg/M2; Table I ) were studied after obtaining written informed consent. The study protocol had been approved by the ethical committee of the University Hospital of Zurich. In all subjects, the previous hormone replacement therapy was maintained unchanged. Two subjects (patients 5 and 6) were treated with bromocriptine for residual hyperprolactinemia after surgery and/or radiotherapy. Mental and physical illness apart from pituitary insufficiency was excluded by history, physical and laboratory tests, and chest x ray. GH deficiency was diagnosed by an insulin stimulation test (0.1 mU/ kg intravenously). A rise of GH levels to maximally 5 ng/ml in response to hypoglycemia was considered as diagnostic. Total IGF-I levels before therapy were below 15 nmol/liter (9.5±4.5 nmol/liter). None of the (8) . The subjects were then studied during a further 7-d period of GH treatment, to which IGF-I was added for another 7 d (at the same respective doses as above). Doses of IGF-I and GH were so chosen that profound and comparable changes in basal energy expenditure could be expected (references 6 and 8, see Results). All participants were instructed to follow a constant, weight-maintaining diet of 30 kcal/kg per day (30% for the three main meals and 10% as bedtime snack; 50% carbohydrates, 30% lipids, 20% proteins) during the whole study. A daily maximum of 30 min of physical exercise was allowed during the entire study period. Blood samples were drawn after a 10-h overnight fast on days 6 and 7 of each treatment phase for determinations of glucose, insulin, connecting (C)-peptide, total IGF-I, total IGF-II, and GH. On days 1, 6, and 7, the subjects stayed at the clinical research center where all meals were served. Meal tolerance test, euglycemic hyperinsulinemic clamp, and indirect calorimetry. On day 6, breakfast was substituted by a meal tolerance test in six patients (patients 3-8) as described (14) . Briefly, breakfast (9 kcal/kg; 50% carbohydrates, 30% lipids, 20% proteins) was served. Blood samples were taken from a cannulated forearm vein at -30, 0, 30, 60, 90, 120, 180, and 240 min after breakfast for determinations of venous glucose, insulin, and C-peptide ( Fig. 1 ). On day 7, a euglycemic hyperinsulinemic clamp, combined with the isotope dilution technique and indirect calorimetry, was performed according to principles outlined previously (15) with a primed (20 liCi), continuous (0.2 /Ci) infusion of HPLC-purified 3[3H]glucose (DuPont/New England Nuclear, Boston, MA) starting at 0 min and an insulin infusion (0.6 mU/kg. min) starting at 150 min. Plasma glucose concentration was maintained constant at 5 mmol/liter, using a variable glucose infusion (200 g/liter) which contained 200 jLCi 3 [3H]glucose/liter to avoid "negative" rates of hepatic glucose production (16) . The last 30 min during basal conditions (120-150 min) and again during insulin stimulation (270-300 min) were considered to represent a steady state. Arterialized (6) blood samples for determination of IGF-I, IGF-11, GH, insulin, C-peptide, free fatty acids (FFA), f3-hydroxybutyric acid, and of the specific activity of glucose were collected and treated as described previously (6) . Samples were stored at -200C until assays were performed. Plasma glucose concentration was monitored every 5-10 min. Respiratory gas exchange and energy expenditure were measured by indirect calorimetry using a computerized, flowthrough canopy gas analyzer system (Deltatrac; Datex, Helsinki, Finland). Urine was collected during the euglycemic clamp for calculation of protein oxidation during indirect calorimetry. Fat free mass (FFM) was measured on day 7 using the bioimpedance method (17) .
Analytical determinations. All assays were performed according to previously detailed descriptions (6) . Plasma glucose was measured immediately after blood sampling using an automated glucose-oxidase method (Glucose Analyzer 2; Beckman Instruments, Inc., Fullerton, CA). Insulin, C-peptide, GH levels, and total IGF-I and IGF-ll were measured by double antibody RIA. FFA were determined colorimetrically with a commercial kit (Wako Chemicals, Neuss, Germany). /3-Hydroxybutyric acid was analyzed by a Cobas Bio (Roche Products Ltd., Welwyn Garden City, UK). Tritiated glucose activity was determined after deproteinizing plasma with 0.3 mmol/liter Ba(OH)2 and 0.3 mmol/liter ZnSO4. Subsequently, the supernatant was evaporated under vacuum. The pellet was resuspended in distilled water, supple- Calculations. Areas under the curves were calculated by the trapezoidal rule. Calculation of substrate oxidation rates was performed as outlined previously (18) . The gaseous exchange attributable to protein oxidation was subtracted from total gaseous exchange, under the assumption that for each gram of nitrogen excreted in urine 5.95 liters of 02 were consumed, and 4.97 liters of CO2 were produced. The protein oxidation rate was estimated from urinary nitrogen excretion (1 g nitrogen = 6.25 g protein). Urinary nitrogen excretion was estimated on the assumption that 90% of the nitrogen appeared as urea. Rates of glucose disposal (Rd) and glucose appearance were estimated according to the non-steady state equations of Steele as modified by deBodo (19). A pool fraction of 0.65 and a distribution volume of 220 ml/liter for glucose were assumed. Nonoxidative glucose disposal rate (Rdn,,o) was calculated by subtracting the calorimetrically determined oxidative glucose disposal (RdoX) from the total glucose disposal rate (Rd.). Insulin sensitivity index was calculated as described by Bergman et al. (20) (sensitivity index = ARd/glucose -Ainsulin). Separate indices were calculated for R&., and R&,,o (Table II) . Reasons for calculating insulin sensitivity index were that basal and steady state insulin levels during the clamps varied in the different treatment periods, and to account for any possible insulin-like effects of IGF-I. The latter could be considered constant since the respective IGF-I levels did not change during clamping (see Results and reference 20). Energy expenditure and substrate oxidation rates are given in kilocalories per kilogram of FFM per day (Fig. 2 ). Basal glucose turnover data are given in milligrams per kilogram of FFM per minute (Table Ill) .
Statistics. All data are expressed as mean±SD. Comparisons were performed by ANOVA (21) . A P < 0.05 was considered statistically significant. droxybutyric acid levels changed in parallel with the FFA (con- Fig. 3 ).
Results
Meal tolerance test ( Fig. 1 , Table V ). Total and incremental areas under the curves (AUC and iAUC) of glucose were unchanged during IGF-I treatment as compared with control, albeit at a significantly reduced insulin secretion rate. During GH treatment, AUC and iAUC of glucose were significantly elevated. Additional IGF-I treatment again led to reduced insulin secretion, whereas glucose tolerance remained unchanged as compared with GH alone. IGF-I levels remained stable and unchanged as compared with basal values during the meal tolerance tests in the different treatment periods (not shown). Indirect calorimetry (Fig. 2 ). Resting energy expenditure was 27.9±3.7 kcal/kg (FFM) day during the control period, markedly elevated during IGF-I (31.9±4.8) and GH (33.4±4.6) treatment, and again more so during combination (35.0±2.8 kcal/kg [FFM] day) therapy. Lipid oxidation was 11.6±3.5 during control, elevated to 15.5±3.3 during IGF-I and 17.2±4.1 during GH treatment, and more so to 21.0±3.6 kcal/ kg (FFM) -day during combined treatment. Basal protein oxidation was 5.0±1.5 during control, reduced by IGF-I to 3.8±1.1 and by GH to 4.2±0.8 and further reduced to 2.7±1.0 kcal/kg (FFM) -day when both hormones were given together. Carbohydrate oxidation was unchanged in all treatment phases, whereas nonoxidative glucose disposal in the basal state showed a tendency to be elevated during IGF-I and GH administration and was significantly (P < 0.05 versus control) elevated during the combination treatment (Table III) .
Euglycemic, hyperinsulinemic clamp. Plasma glucose levels were similar in all four situations (Table VI) . IGF-I levels during hyperinsulinemia were identical to the respective basal levels (Tables IV and VI change for specific activity between the groups during insulin infusion (not shown). Insulin levels during the steady state period of the clamp were lower during the IGF-I treatment phase, elevated during GH treatment, and reduced again during the combination treatment period. C-peptide levels behaved similarly. Insulin-stimulated glucose uptake (insulin sensitivity index) was elevated during IGF-I treatment, reduced during GH administration, and similar to control levels during the combination treatment (Table II) . Calculated hepatic glucose output during clamping was less suppressed during GH and GH + IGF-I treatment as compared with control and IGF-I alone. Insulin sensitivity indices of oxidative and nonoxidative glucose disposal rates (ARd0x/glucose Ainsulin and AR&n,,0n/glucose Ainsulin; Table II) (Table VI) . During clamping, /3-hydroxybutyric acid levels were not statistically different in the four treatment phases, although a tendency to higher levels was apparent during GH and during combination treatment (Table VI) 
Discussion
Effects of IGF-I in GH-deficient subjects in the presence and absence of GH. This study shows that even in the absence of GH, IGF-I increases energy expenditure, increases lipid oxidation, decreases protein oxidation, and increases insulin sensitivity. All these effects which have been observed during IGF-I treatment in normal humans (11, 14, 15) are, therefore, independent of GH suppression. IGF-I primarily inhibits insulin secretion leading to increased lipolysis, lipid oxidation, and increased insulin sensitivity in skeletal muscle. It is important to note that GH stimulates hepatic synthesis and secretion of IGF-I (1) and that our subjects had elevated IGF-I levels during GH treatment. In normal subjects, approximately 80% of the circulating IGF is found in a 150-kD ternary complex consisting of an acid labile subunit, insulin-like growth factor binding protein 3, and IGF (22) . IGF-I bound in this complex cannot cross vascular barriers and is therefore metabolically less active than free IGF (23, 24) . The stabilization of this complex is largely dependent on the acid labile subunit, the synthesis of which is under strict control by GH (22) . Mean±SD, ANOVA; * P < 0.01 vs control; ** P < 0.02 vs control; § P < 0.03 vs control; 11 P < 0.01 vs IGF-I; $ P < 0.02 vs IGF-I; I p < 0.01 vs GH;~t P < 0.02 vs GH. Thus, most of the endogenously synthesized IGF-I during GH treatment was sequestered in the 150-kD complex and was metabolically less active than the exogenously administered IGF-I which was not bound in the complex and thus was readily available to tissues. Nevertheless, many changes observed during GH therapy are likely to have been mediated by endogenous IGF-I. Also, GH stimulates local IGF-I production in target tissues (25) . Locally synthesized IGF-I may act in a paracrine fashion and contribute to some of the effects seen during GH treatment. Energy expenditure andfuel oxidation (Fig. 2) . Both IGF-I and GH treatment led to similar effects on energy expenditure and substrate oxidation rates. Resting energy expenditure and lipid oxidation were increased, protein oxidation was decreased, and carbohydrate oxidation remained unchanged. The former three effects were additive when both hormones were given together. The elevated energy consumption serves several purposes: (a) extra ATP production for anabolic processes; (b) increased heat dissipation due to increased blood flow through the skin (Hussain, M., manuscript in preparation); and (c) possibly a somewhat increased futile glucose cycling, as has also been shown in acromegaly (see below and reference 26). The fuel for the extra energy was supplied by the oxidation of free fatty acids and ketone bodies. As shown in Fig. 3 , free fatty acid and /3-hydroxybutyric acid levels increased significantly, reflecting enhanced mobilization of caloric reserves from adipose tissue.
At this point it is important to note that adipocytes and hepatocytes, which are target tissues of GH and insulin, express few, if any, functional type I IGF receptors (27, 28) . IGF-I can only act on these tissues at high concentrations by crossreacting with the insulin receptor. Since IGF-I binds to the insulin receptor with an affinity which is 1 / 100 of that of insulin, a crossreaction of IGF-I with the insulin receptor is unlikely at the IGF-I levels reached during the present study (27) . In contrast to adipocytes and hepatocytes, type I IGF receptors are abundant on skeletal muscle (29) . Direct insulin-like effects of IGF-I (30) cannot be completely ruled out as an explanation for unchanged glucose disposal rate in the basal state in face of reduced insulin. Unchanged hepatic glucose output during IGF-I treatment, however, cannot be explained by insulin-like effects of IGF-I since, as noted above, hepatocytes do not express functional type I IGF receptors (28) and since, at the concentrations achieved, a crossreaction of IGF-I with the insulin receptor is unlikely (27) . Insulin levels in the portal vein were apparently sufficient enough to keep hepatic glucose production from rising.
Mechanisms by which GH and IGF-I increase lipolysis. GH directly promotes lipolysis from adipose tissue by enhancing the reactivity of hormone-sensitive triglyceride lipase to lipolytic hormones (31) . In addition, GH renders adipose tissue less sensitive to the antilipolytic effects of insulin. It has previously been shown by others (6, 32, 33) and is supported by our findings (Table IV, Fig. 3 ) that, despite markedly increased insulin levels, FFA and P6-hydroxybutyrate are increased by GH treatment. The mechanism behind increased FFA release from adipose tissue under IGF-I treatment is completely different. Since adipocytes lack functional type I IGF receptors (27) , IGF-I cannot be the mediator of the lipolytic effects of GH. IGF-I presumably had an indirect lipolytic effect by inhibiting insulin secretion and, therefore, releasing the brakes on lipolysis. The additive effects of GH and IGF-I on lipolysis are, therefore, a combination of (a) direct lipolytic effects of GH and (b) inhibition by IGF-I of insulin secretion, i.e., decreased levels of the major antilipolytic hormone (10, 13, 34) . Insulin infusion reduced FFA, i.e., lipolysis, during IGF-I treatment to lower levels than in the control situation. This cannot be explained by insulin-like effects of IGF-I since IGF-I (at the same Mean±SD, ANOVA; * P < 0.01 vs control; 11 P < 0.02 vs control; I P < 0.01 vs IGF-I; I P < 0.02 vs IGF-I; ** P < 0.01 vs GH; 1 P < 0.02 vs GH. level as during hyperinsulinemic clamping) would then, in contrast to our findings, suppress basal FFA levels. Furthermore, a recent publication has shown that even acute infusions of IGF-I at doses which lead to changes in serum amino acid and glucose levels are not accompanied by antilipolytic effects (35) . Insulin sensitivity of adipose and other tissues can be increased by several mechanisms. Reduced basal glucose as well as reduced insulin levels may enhance insulin sensitivity (36, 37) . It is therefore likely that these indirect effects of IGF-I have led to enhanced insulin sensitivity of adipose tissue. During GH treatment, a comparable suppression of lipolysis was not achieved. These findings support the concept that GH directly promotes lipolytic activity which cannot be fully counteracted by insulin. In contrast, the lipolytic effect of IGF-I is a result of reduced basal insulin levels which can be readily reversed by exogenous insulin.
Effects of GH and IGF-I on insulin secretion and basal and insulin-stimulated glucose metabolism. Basal insulin levels were decreased during IGF-I treatment, elevated during GH treatment, and were again reduced when IGF-I was given in addition to GH. These effects of GH and IGF-I are in line with those of previous reports (7) (8) (9) (10) (11) 13) . During clamping, insulin was infused at identical rates in all four situations. However, steady state levels of insulin during insulin infusion were lower during IGF-I treatment, elevated during GH period, and reduced again when IGF-I was added to GH treatment. These changes are readily explained by direct inhibitory effects of IGF-I on insulin secretion (13) , as is also reflected by the reduced Cpeptide levels during clamping (Table VI) . Reduced insulin levels could also be explained by a shortened half-life due to IGF-I treatment. However, in a study addressing this question we have found no change in insulin half-life during IGF-I treatment (Hussain, M.A., manuscript in preparation). Most of the basal glucose combustion takes place in insulin-independent tissues (38, 39) . During insulin stimulation, i.e., postprandially or during hyperinsulinemic clamping, glucose is taken up by insulin-dependent tissues of which skeletal muscle constitutes the largest part (39) . Skeletal muscle is also the main tissue carrying both insulin and type I IGF receptors, whereas other target tissues of insulin carry few IGF receptors. Should IGF-I directly induce increased insulin sensitivity, probably by specific receptor-mediated action, this would only be demonstrable (a) in tissues carrying both type I IGF receptors as well as insulin receptors for which skeletal muscle is the example of choice and (b) during insulin stimulation.
Fasting glucose levels were slightly but not significantly decreased by IGF-I and significantly increased by GH. These glycemic changes were small compared with the large differences of fasting insulin levels. Also, addition of IGF-I during GH treatment did not significantly alter the basal glucose levels as compared with GH treatment alone. These results are in line with previous observations that GH plays a key role in the complex regulation of basal glucose levels (38, 39) . The elevated hepatic glucose output and nonoxidative glucose disposal rates under the combined treatment may be due to an increased futile cycling of glucose in the liver reflecting a combination of insulin resistance induced by GH on one hand and reduced insulin availability due to inhibition of insulin secretion by IGF-I on the other hand. In acromegalics, who also have elevated GH and IGF-I levels, increased glucose cycling has also been described (26) . Insulin-like effects of IGF-I can be excluded as a mechanism behind the increased basal glucose turnover, since glucose oxidation rates were unaltered in all treatment phases despite elevated resting energy expenditure.
Insulin sensitivity was determined by the sensitivity index (20) to account for possible insulin-like effects of IGF-I (30) and since basal and steady state insulin levels during clamping varied during the different treatment periods (Tables IV and  VI) . Insulin sensitivity of peripheral tissues was increased by IGF-I treatment alone and was reduced during GH treatment. Addition of IGF-I on top of GH treatment reversed the GH effect on insulin sensitivity on peripheral tissues. In a previous study, we demonstrated that IGF-I treatment enhances insulin sensitivity in healthy subjects (6) . However, it remained unclear whether IGF-I enhanced insulin sensitivity directly or indirectly through feedback inhibition of GH secretion. In the present study, IGF-I administration reversed the insulin resistance induced by GH treatment, suggesting that IGF-I directly enhances insulin sensitivity irrespective of the GH status. Independent of concomitant GH treatment, IGF-I treatment was accompanied by increased oxidative as well as nonoxidative glucose disposal relative to the actual insulin level. As noted above, the major site of enhanced insulin sensitivity under these conditions most likely is skeletal muscle. The results of the meal tolerance tests corroborate the findings of the euglycemic clamps.
Hepatic glucose output (HGO) was suppressed completely during the steady state period of the hyperinsulinemic clamp during the control as well as during the IGF-I treatment period. During GH treatment, a complete suppression of HGO was, as would-be expected (9) , not achieved. IGF-I treatment in addition to GH had no influence on steady state HGO during hyperinsulinemia. Nevertheless, IGF-I treatment may have altered the kinetics in change of HGO during clamping. The data of the present study, however, do not allow interpretation of changes in HGO during the course of insulin infusion. Moreover, since portal insulin levels are not known, reliable information on hepatic insulin sensitivity cannot be derived.
Effects of GH and IGF-I on protein oxidation. Reduction of protein oxidation, i.e., of proteolysis, was observed under IGF-I as well as GH treatment. When both hormones were given together, the effects of IGF-I and GH were additive. These findings support those of a previous report also showing that anabolism may be stimulated to a greater extent by treatment with GH and IGF-I together than by either hormone alone (40) . Moreover, insulin-like properties of IGF-I (30) and the fact that IGF-I increases insulin sensitivity of skeletal muscle may allow us to preserve normal glucose tolerance when GH and IGF-I stimulate protein anabolism in a concerted fashion.
In conclusion, our results show that IGF-I per se is a potent anticatabolic agent (as in regard to protein metabolism) leading by way of partial inhibition of insulin secretion to increased lipolysis and fat oxidation. These effects of IGF-I are independent of the inhibitory effect on growth hormone secretion. All these effects of IGF-I are, however, synergistic to those of GH, which stimulates lipolysis and possibly protein anabolism through mechanisms different from those of IGF-I. In the case of simultaneous administration of GH and IGF-I, insulin levels lie between those attained by IGF-I treatment alone and those observed during GH treatment. Since insulin is an important anabolic hormone (41) , it is conceivable that in situations of severe catabolism a combination of GH and IGF-I together will turn out to give the best results with regard to anticatabolism and anabolism (40) .
